Background. Antiretroviral therapy (ART) in resource-limited settings (RLSs) is monitored clinically and immunologically, according to World Health Organization (WHO) or national guidelines. Revised WHO pediatric guidelines were published in 2010, but their ability to accurately identify virological failure is unclear.
2% in 1998 to 0.7% in 2010. Among the country's 13.4 million inhabitants, 56 000-80 000 live with HIV/AIDS [3, 4] , among them 5600 children, 4000 (71%) of whom are on antiretroviral therapy (ART) [3] .
Pediatric ART success varies in Cambodia [5, 6] and elsewhere [7] [8] [9] , and treatment monitoring remains a global challenge. Due to rapid ART roll-out, cost-effective treatment monitoring is increasingly important. Accurate treatment failure identification is important to prevent resistance accumulation [10, 11] and avoid an inappropriate second-line therapy switch, which is costly and complicated by lack of fixed-dose combinations, poor palatability, and cold-chain requirements. However, as in most resource-limited settings (RLSs), viral load (VL) testing is not widely available.
World Health Organization (WHO) guidelines direct national programs in identifying ART failure where VL testing is limited. Accordingly, Cambodian pediatric ART guidelines recommend clinical staging and immunological monitoring every 6 months [12, 13] . Immunological and clinical criteria poorly predict virological failure in adults, with unacceptable rates of failure misclassification [14] [15] [16] [17] [18] [19] . Performance of such criteria in children is not well described, and data on resistance consequences are scarce. In a previous Cambodian study, WHO 2006 guidelines poorly predicted virological failure in 22 children treated for 24 months [5] .
In 2010, the WHO published revised guidelines that simplified the immunological failure definition in children aged ≥2 years and significantly restricted CD4 thresholds used to define failure [20] . Recently revised Cambodian guidelines [21] incorporated these thresholds but included a 30% CD4 decrease over 6 months in an effort to increase early treatment failure detection. Performance of these new guidelines has not been systematically evaluated.
The objectives of this study were to evaluate the performance of the 2010 WHO pediatric guidelines in identifying treatment failure; compare performance between the 2010 WHO, 2006 WHO, and 2011 Cambodian guidelines; and examine the association between treatment failure misclassification and resistance in a cohort of HIV-infected Cambodian children.
MATERIALS AND METHODS

Study Setting
This retrospective cohort study was performed at Angkor Hospital for Children (AHC) in Siem Reap, Cambodia, 1 of 32 pediatric AIDS care sites recognized by the National Center for HIV/AIDS, Dermatology, and STIs (NCHADS). A nongovernmental organization-funded pediatric referral center, AHC had provided free care to 913 HIV-infected children through September 2010. Antiretroviral therapy became available in 2003, and as of January 2011, 502 children were receiving ART.
Children are seen every 8 weeks; WHO stage and medications are recorded electronically at each visit. The CD4 count and/or percentage are determined every 6 months, and, unlike in the Cambodian public sector, VL testing is performed annually and when immunological and/or clinical failure is suspected based on national guidelines. Second-line regimens are based on reverse-transcriptase (RT) genotype and consist of lopinavir/ritonavir with ≥2 nucleoside/nucleotide RT inhibitors (NRTIs).
Patient Cohort
Children were included if they met the following 4 criteria: (1) were HIV-infected; (2) were aged 6 months to 15 years at time of VL testing; (3) had received ≥180 days of first-line ART (zidovudine/stavudine+lamivudine+nevirapine/efavirenz) between 1 January 2005 and 30 September 2010; and (4) had ≥1 VL. Electronic databases and treatment records were reviewed for date of birth, sex, HIV diagnosis date, WHO staging, ART initiation, ART regimens, tuberculosis treatment, CD4 counts/percentages, and VLs. The study was approved by AHC and Lifespan Institutional Review Boards.
Data Analysis
The WHO guidelines provide clinical and immunological thresholds defining treatment failure and treatment recommendations based on these definitions. We defined immunological failure by age-related thresholds used in each guideline evaluated: WHO 2010, WHO 2006, and Cambodia 2011 (Table 1) . A single CD4 count/percentage below age-related immunological threshold was considered indicative of immunological failure. Because treatment recommendations depend on clinical staging (Table 2) , we compared guideline performance by WHO stage. Virological failure cutoffs were defined as either >400 copies/ mL (detection limit) or >5000 copies/mL (WHO threshold). Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs), misclassification rates, and overall accuracy were calculated for each guideline using virological failure as the treatment failure gold-standard.
Each analyzed time point included VL and linked (within 3 months) CD4 measurements. To evaluate CD4 decline as a measure of immunological failure, a CD4 value from 6 months ± 3 months prior to VL testing was used. To account for imprecise timing of CD4 testing, we assumed CD4 decline to be linear and used the estimated CD4 count at exactly 6 months prior to the linked CD4-VL date to calculate the 6-month CD4 change.
Misclassification was defined as VL below cutoff and either CD4 count or percentage predicting treatment failure (misclassification as failure), or VL above cutoff and CD4 count and percentage predicting treatment success (misclassification as success). When CD4 counts and percentages were discordant, a single value falling below age-related threshold was considered predictive of failure.
Sequence alignment and quality assurance were performed by SQUAT [22] . Subtyping was done by Rega [23] . Resistance mutations were interpreted with the International AIDS Society-USA list [24] .
Laboratory Methods
Over the study period, CD4 measurements were performed at various laboratories, including the Cambodian Ministry of Health Reference Laboratory (Kampong Cham), the National Institute of Public Health (Phnom Penh), and the Cambodia Pasteur Institute (IPC, Phnom Penh), by Becton Dickinson FACSCount (BD Biosciences). Biannual external quality control was performed by United Kingdom National External Quality Assessment Service; Quality Assurance Systems International, Canada; and Centre of Excellence, Thailand.
Viral load testing was performed at IPC using Agence Nationale de Recherche sur le Sida (ANRS) second-generation real-time RT polymerase chain reaction (Biocentric) [25, 26] . The lower limit of detection was decreased from 400 to 250 copies/mL during the study. To account for this, detectable VL was defined as >400 for all analyses.
The RT genotyping was performed at IPC in viremic children with confirmed adherence whose clinicians were considering second-line ART [5] . Viral load testing and resistance external quality control were performed biannually by the virology quality assurance program of the National Institutes of Health and annually by ANRS.
Statistical Analysis
The estimation of guidelines' performance used all observed data, including multiple VLs per child. The most recent VL was used to analyze association of clinical measures and misclassification rates. For resistance analysis, data from genotype-linked visits were used. We calculated sensitivity, specificity, PPV, NPV, misclassification rates, and diagnostic accuracy and estimated 95% confidence intervals (CIs) using bootstrap resampling, with child being the primary resampling unit. Children were considered misclassified as failure if VL was below the cutoff for virological failure but CD4 count or percentage was below the guideline-defined threshold for immunological failure (1-PPV). Children were considered misclassified as nonfailure if VL was above the cutoff for virological failure but CD4 count and percentage were above the guideline-defined threshold for immunological failure (1-NPV). To limit the number of hypothesis tests performed, bootstrap P values were estimated for overall accuracy and misclassification rates. Age, gender, ART duration, highest WHO stage in prior 6 months (1/2 vs 3/4), tuberculosis treatment, and age at HIV diagnosis were compared between misclassified and correctly classified children. Comparisons were made at recent VL using chi-square tests for categorical variables and Student t tests for continuous variables. When >1 genotype was available, the earliest was used. Numbers of NRTI (0-1 or 2 or ≥3) and NNRTI mutations were compared by misclassification status using ordinal logistic regression after confirming acceptability of proportional odds assumption. Analyses were performed using R 2.13.1 [27] ; P < .05 was considered statistically significant.
RESULTS
Patient Cohort
Among 913 children, 648 (71%) received ART, 557 (61%) of whom received ART for ≥180 days, and 496 (54%) of whom had VL data available. Four hundred sixty-eight (51%) were on first-line ART; 457 (50%) were aged <15 years and were included in the study. Demographic, clinical, and laboratory characteristics are summarized in Table 3 . The median age at The accuracy of the WHO 2010 guidelines for predicting virological failure was 87%. One hundred one of 457 (22%) children at 134 of 1013 (13%) visits were misclassified. Thirtysix percent of visits were misclassified as failure (4 of 11) and 13% were misclassified as success (130 of 1002); the latter was more common with a higher WHO stage. Though specificity was high (99.6%), sensitivity for virological failure detection was very low (5%); among 117 observations with WHO stage 1/2 classification and detectable VL, only 4 were correctly identified by the 2010 guidelines.
Guidelines Comparison
The WHO 2010 guidelines demonstrated slightly improved accuracy compared with the WHO 2006 guidelines (87% vs 85%; P = .05), stable high misclassification as failure (36% vs 58%; P = .14) and slightly worse misclassification as success (13% vs 11%; P < .001). The addition of 6-month 30% CD4 decrease as required by the Cambodian 2011 guidelines resulted in lower accuracy (76%; P = .001), higher misclassification as failure (79%; P = .01), and similar misclassification as success (12%; P = .37).
Examination of demographic, clinical, and laboratory measurements with misclassification demonstrated that shorter ART duration (12 vs 43 months; P < .001) and older age at HIV diagnosis (7 vs 5 years; P = .05) were associated with misclassification as failure by the WHO 2010 guidelines. A WHO stage 3/4 classification was associated with lower misclassification as success in 2006, but this association was lost in 2010. Age, gender, and tuberculosis treatment history were not predictive of failure misclassification by any guideline. No covariates were associated with misclassification by the Cambodian guidelines.
Guideline Detection of Resistance
Fifty-six RT genotypes were available; 5 did not associate with VL and were excluded. All but 1 sequence (subtype B) were CRF01_AE. Ninety-eight percent (50 of 51) of children had evidence of ≥1 resistance mutation. Twenty-one of 51 (41%) children had 1 mutation to NRTIs; 15 of 51 (29%) had 2 mutations to NRTIs; and 13 of 51 (25%) had ≥3 mutations to NRTIs. M184V/I was present in 45 of 51 (88%) children, and thymidine analog mutation was present in 18 of 51 (35%) children. Only 1 child had no NNRTI mutations; 14 of 51 (27%) had 1 NNRTI mutation; 31 of 51 (61%) had 2 NNRTI mutations; 4 of 51 (8%) had 3 NNRTI mutations; and 1 of 51 (2%) had 4 NNRTI mutations. A detailed analysis of the drug resistance patterns is ongoing.
Forty-one of 51 children with available genotypes had CD4 data available to evaluate all 3 guidelines. The vast majority were not identified as ART failures by the guidelines' criteria ( Figure 1) , with the WHO 2010 guidelines missing a significantly larger percentage (P < .05). Ninety-eight percent (40 of 41) were missed using WHO 2010 guidelines (95% CI, 83%-100%); 83% (34 of 41) were missed using WHO 2006 guidelines (95% CI, 68%-93%); and 76% (31 of 41) were missed using Cambodian 2011 guidelines (95% CI, 60%-88%). Only 1 of 51 children with virological failure and available genotype was identified as failing by WHO 2010 guidelines. All other children with available genotypes had CD4 counts >100 cells/mL if aged >5 years or CD4 counts >200 cells/mL and CD4 percentages >10% if aged <5 years.
Children Immunological and clinical surrogates of virological failure poorly predict treatment failure in adults and result in high misclassification rates [14] [15] [16] [17] [18] [19] . This evidence led the WHO to strongly recommend use of VL to confirm treatment failure where available [28] . Using the WHO 2006 guidelines, high specificity (92%-100%) but low sensitivity (3.5%) for detection of treatment failure was described in Tanzanian [29] and Kenyan [30] children. Our data extend prior South African [31] and Ugandan [10] reports and show that use of the WHO 2010 guidelines without virological monitoring would also result in unacceptably poor detection of virological failure, identifying only 4 of 117 (3%) with WHO stage 1/2 disease and VL >400 copies/mL.
Of 41 children with available CD4 and resistance data, only 1 was identified by the WHO 2010 guidelines as failing ART due to their new, strict immunological thresholds. The patient was a 12-year-old male, who was diagnosed with HIV at 9.3 years, was on stavudine, lamivudine, and nevirapine for 2 years, and had WHO stage 1 disease, a CD4 count of 94 (5%), a VL of 64 621 copies/mL, and 4 NRTI (A62V, M184V, L210W, T215F) and 2 NNRTI (V90I, Y181C) mutations. It is unclear why development of resistance occurs without sufficient immunological failure. Possible explanations include strict guideline immunologic criteria and rapid resistance evolution; low nonadherence, supported by aggressive adherence counseling at the site, which may have resulted in enough drug selection pressure to allow resistance evolution; and annual VL monitoring, which may allow identification of failure early enough to minimize immunological decline. Prospective studies should further evaluate these hypotheses.
Early virological failure detection prevents accumulation of resistance and allows more effective second-line ART [32, 33] . It is unclear whether nonvirological monitoring can be sensitive enough to detect viral replication before substantial resistance accumulates or whether early failure detection allows sufficiently rapid regimen switch. In a large South African cohort, only 38% of virologically failing children were switched to second-line therapy, with a median of 10 months between detection of first elevated VL and switch [7] . Our data support an association between late identification of failure and resistance accumulation [34] , further suggesting a benefit from virological monitoring [35, 36] . Although the WHO guidelines do not claim to detect resistance, our finding of almost complete lack of identification of children with extensive resistance by the WHO 2010 guidelines is concerning and justifies further research.
Interpreting WHO guidelines can be extremely difficult for busy clinicians as well as national guideline committees. Particularly challenging are CD4 percentage and count thresholds that differ between age groups and vague statements such as "rapid rate of decline" [13] . Criteria simplifications in the WHO 2010 guidelines are an improvement, but they now leave clinicians and national programs without guidance for children aged <2 years or for those aged >5 years but with discordant low CD4 percentages. This lack of clarity may lead to inaction with regard to treatment failure identification or an inappropriately prompt switch to second-line therapy. Global guidelines should provide clear directions for children of all ages because attempts at local or national levels to overcome these limitations may lead to suboptimal treatment monitoring strategies or even inappropriate use of ART regimens. Research is urgently needed to provide guideline committees with such data.
There are several limitations to our study. First, participation of few children aged <5 years, and particularly aged <2 years, limited evaluation of this critical age group. This is a reflection of the struggle to link HIV-exposed infants to routine testing and care in RLSs. Second, confirmatory VL/ CD4 testing was unavailable, and CD4 count/percentage testing concordance was at times absent. These reflect realworld limitations in RLSs and likely mirror current practice in much of the developing world. Moreover, confirmatory CD4 would most likely further decrease sensitivity and increase specificity because fewer children would be classified as failing immunologically. Confirmatory CD4 testing (within 3 months of VL testing) was performed on 9 of 80 (11%) and 2 of 11 (18%) children with immunological failure based on WHO 2006 and WHO 2010 guidelines, respectively. Of the 9 of 80, the immunological status of 7 would not have changed; 1 who was misclassified as failing would have been correctly classified; and 1 who was correctly classified as failing would have been misclassified as success. Both of the 2 of 11 would not have changed classification. Third, this was a retrospective study with VL testing performed yearly and at the clinicians' discretion. Prospective studies with real-time and frequent detection of virological failure are needed. Finally, ART adherence data were lacking, although believed to be high [5, 37] , and only a few (15 of 142; 11%) VL resuppression instances on first-line ART were observed.
In summary, ART monitoring using clinical and immunological criteria is problematic in children, and misclassification rates using the WHO 2010 pediatric guidelines remain high. Finding better tools for treatment monitoring in RLSs, which is currently ongoing by our group [15] and others [38] [39] [40] , is challenging from both statistical/analytical and host/assay diversity aspects. Despite shortcomings presented here and elsewhere, guidelines should be continuously followed and used to derive data that will drive their continued improvement. Further evaluations of virological vs nonvirological monitoring on clinical outcome, second-line therapy effectiveness, and programmatic costs are essential. Incorporation of novel VL testing technologies into current monitoring strategies should also be of high research priority. One thing remains clear: affordable VL testing suitable for use in RLSs is urgently needed.
Notes
